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To determine the molecular basis of transformation defects in Haemophilus
influenzae, the fate of genetically marked, 32P-labeled, heavy deoxyribonucleic
acid (DNA) was examined in three mutant strains (rec -, rec2-, and KB6) and
in wild type having 3H-labeled DNA and a second genetic marker. Trans-
forming cells upon lysis with digitonin followed by low-speed centrifugation are
separable into the supernatant fraction, containing mainly the unintegrated
donor DNA, and the pellet, containing most of the resident DNA along with
integrated donor DNA. Electron micrographs of digitonin-treated cells also
indicate that the resident DNA is trapped inside a cellular structure but that
cytoplasmic elements such as ribosomes are extensively released. DNA syn-
thesis in digitonin-treated cells is immediately blocked, as is any further inte-
gration of donor DNA into the resident genome. Isopycnic and sedimentation
analysis of supernatant fluids and pellets revealed that in strains rec2- and
KB6 there is little or no association between donor and resident DNA, and
thus there is negligible transfer of donor DNA genetic information. In these
strains, the donor DNA is not broken into pieces of lower molecular weight as
it is in strain rec - and in the wild type, both of which show association be-
tween donor and recipient DNA. In strain rec -, although some donor DNA
atoms become covalently linked to resident DNA, the incorporated material
does not have the donor DNA transforming activity.
Transfer of genetic information from donor
deoxyribonucleic acid (DNA) to the resident
genome during bacterial transformation is ac-
companied by the incorporation of discrete
single-strand segments of the input DNA (2, 6,
17). Although the ultimate fate and distribu-
tion of the donor atoms is fairly well under-
stood, very little is known about the various
steps that lead to physical and genetic fixation
of the information contained in the donor
DNA. It is presumed that physical integration
of the donor DNA and covalent linkage be-
tween the donor and resident DNA species are
preceded by a process of recognition between
homologous segments of the two DNA species
and that the recognition between two homo-
logs occurs by complementary base-pairing. If
that were so, the generation of single-stranded
stretches of donor and resident DNA prior to
recognition might be expected. During trans-
formation of pneumococcus, donor DNA is
recoverable immediately after uptake only in
denatured (single-stranded) or degraded form
(9). Evidence has been presented that impli-
cates single-stranded DNA as the precursor of
genetically integrated DNA in pneumococcus
(10). Recently, a denatured form of donor
DNA in Bacillus subtilis transformation has
been reported (18). On the other hand, in
Haemophilus influenzae the bulk of the input
DNA immediately after uptake is recoverable
in biologically active, double-stranded form. In
wild-type cells, most of this DNA is then pro-
gressively incorporated into the resident DNA.
It has been shown that a major portion of the
integration is single-stranded and that the
molecular weight of the integrated, single-
stranded segments is about 6 x 106 (17). An
amount approximately equivalent to the inte-
grated segment of donor DNA was considered
to be degraded and resynthesized into the re-
cipient genome (17). An intracellular donor
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DNA species (species II) with lower molecular
weight than that of input DNA has been ob-
served, but it has the characteristics of a by-
product rather than an intermediate in trans-
formation (16). From the foregoing studies it
appeared that a search for intermediates in
recombination might be more rewarding in
recombination-defective mutants.
The strains selected for this study were the
transformation-defective mutants KB6 (1), the
ultraviolet-sensitive (UVS) DB117 (19), the ul-
traviolet-resistant (UVr) Rd(DB117)rec- (1),
and Rd(DB117)Uvs (Setlow, Boling, Beattie,
and Kimball, J. Mol. Biol. in press). The latter
two strains were derived by transformation of
wild-type cells with strain DB117 DNA. Strain
DB117 has been shown to be a double mutant,
rec1- mex-, whereas strain Rd(DB117)Uv8 is
apparently altered only at the rec1 locus. The
two recj- strains, DB117 and Rd(DB117)Uvs,
gave similar results in the types of experi-
ments reported in this paper and are referred
to here as rec, -. It has been postulated that the
UVr strain Rd(DB117)rec- is mex- rec2p, con-
taining one mutant gene from strain DB117
and one derived from the selection technique,
and that these genes together cause the recom-
bination defect (Setlow, Boling, Beattie and
Kimball, J. Mol. Biol. in press). This strain is
referred to in this paper as rec2-.
The present study reports the fate of donor
DNA in these transformation-defective mu-
tants. Evidence will be presented to show that
even though the mutant strains KB6 and rec2-
have independent origins, and strain rec2- but
not strain KB6 is defective in promoting phage
recombination, both appear to be blocked at
an early step in transformation, and there is
virtually no transfer of atoms from donor DNA
to resident DNA. The irreversibly bound donor
DNA remains unassociated with resident DNA
for over 30 min. On the other hand, in the rec1-
mutants there is transfer of donor atoms to
resident DNA, although this process is slower
than in the wild type. It is probable that some
macromolecular association between donor and
recipient DNA is established, but this associa-
tion does not culminate in the formation of
stable recombinants, since there is no accom-
panying transfer of genetic information.
MATERIALS AND METHODS
Bacterial strains. H. influenzae wild-type strain
Rd and mutants derived from the wild type, the rec, -
mutants DB117 and Rd(DB117)uvs, the rec2- mu-
tant Rd(DB117)rec-, and mutant KB6 have been
described (1, 19; Setlow, Boling, Beattie, and Kim-
ball, J. Mol. Biol. in press). The residual transforma-
tions in strain KB6, the rec1 - strains, and rec2- rela-
tive to that in the wild type are 10-4, 10-6, and 10-7,
respectively.
Electron microscopy of competent digitonin-
treated cells. Samples were fixed with osmium tet-
traoxide (8), dehydrated in ethanol, and embedded
in Epon by the method of Luft (11). The polymer-
ized Epon blocks were sectioned with a Porter-Blum
MT-2 ultramicrotome with a diamond knife. Sec-
tions were stained for 1 hr in droplets of 2% uranyl
acetate in water. After being rinsed in water, the
grids were further stained for 5 min with lead cit-
rate. A Siemens Elmiskop IA electron microscope
was used.
Measurement of DNA synthesis in digitonin-
treated cells. Exponentially growing wild-type cells
were washed with 0.15 M NaCl plus 0.015 M triso-
dium citrate (SSC) and suspended at a concentra-
tion of about 109 cells/ml in SSC containing 25 tCi
of [9H]deoxythymidine (dThd) per ml, with or
without 0.1% digitonin (Matheson, Coleman, and
Bell). The two mixtures (0.1 ml of each) were incu-
bated at 37 C. At intervals 10-uliter samples were
pipetted onto paper disks, processed, and counted as
previously described (13).
Preparation of 32P-, 2H-, and 'IN-labeled DNA.
Streptomycin-resistant (Str) cells were adapted to
growth in 99.9% D20 by stepwise transfer of cultures
grown in Brain Heart Infusion (BHI) medium (19)
made with 50 to 99.9% D20. The adapted culture
was then inoculated into a defined medium (7) con-
taining 20 ACi of 32pO4 per ml. After overnight
growth, cells were washed three times with SSC and
lysed at 37 C with sodium lauryl sulfate (final con-
centration 0.5%). NaCl was added to a final concen-
tration of 2 M. The lysate was shaken with an equal
volume of chloroform-amyl alcohol (24: 1) for 1 hr by
the method of Marmur (12). The mixture was then
separated by low-speed centrifugation, and the water
layer was treated at 37 C for 30 min with ribonu-
clease (heated to inactivate contaminating deoxyri-
bonuclease) at 100 gg/ml. After a second cycle of
deproteinization, the preparation was passed through
a Sephadex G-100 column (bed volume 60 ml, hold-
up volume -20 ml) and eluted with SSC. A 4-ml
fraction containing most of the DNA was used in the
experiments. The specific activity of such DNA was
-1 to 2 x 105 counts per min per Mg.
Preparation of 3H-labeled, competent recipient
cells. Cathomycin (novobiocin)-resistant (Nov) cells
were grown in BHI medium containing 350 /ig of
adenosine per ml and -1 MCi of [3H]methyl thymi-
dine per ml (specific activity -20 Ci/mmole). The
cells were made competent in M IV medium (20). In
some experiments, the genetic marker in the cells
was str and the donor DNA was nov. This reversal
did not affect the results.
Digitonin lysis and preparation of DNA ex-
tracts. Digitonin lysates were prepared by a proce-
dure previously developed (15). A mixture of 3 ml of
3H-labeled competent cells and 0.3 ml of 32P-labeled
DNA (-0.5 Mg) was incubated at 37 C for 5 min, and
deoxyribonuclease was added to a final concentra-
tion of 30 Mg/ml. After 3 min of further incubation, a
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1-mi sample was withdrawn, washed three times
with SSC, suspended at the same cell concentration
in SSC containing 0.1% digitonin, and incubated at
37 C for a minimum of 3 hr. This was called the "0-
min" sample. Other samples were incubated for ad-
ditional times before being washed and treated with
digitonin. After digitonin treatment, the samples
were centrifuged for 10 min at 5,000 rev/min (3,000
x g), the supernatant fractions were removed, and
the pellets were suspended in 1 ml of SSC. The su-
pernatant fractions and pellets were then sheared on
a Vortex, Jr. Mixer (Scientific Industries, Inc.) for
approximately 1 min, and the DNA was extracted
once by treating the solution with chloroform-amyl
alcohol. In some experiments, the last step was
omitted. In one set of experiments, pellet material
was denatured by heating at 100 C for 7 min, fol-
lowed by rapid cooling.
Velocity sedimentation. Samples of 0.2 to 0.3 ml
were layered on 5 to 20% sucrose gradients con-
taining 0.15 M NaCl. Tubes were centrifuged in an
SW65 rotor of a Beckman centrifuge at 36,000
rev/min for 3 hr.
Density-gradient sedimentation. A rapid equi-
librium method (4) was used, as suggested by G.
Kellenberger-Gujer (personal communication). Two
CsCl solutions were prepared with densities of
1.7415 and 1.8457, and 1.87 ml of the higher-density
solution was placed in a 5-ml cellulose nitrate or
polyallomer tube. A sample (0.7 ml) was mixed with
1.5 ml of the lower-density solution and gently lay-
ered on top. The tube was then filled with 1 ml of
mineral oil and centrifuged at 32,000 rev/min in an
SW50.1 rotor for a minimum of 16 hr, by which time
equilibrium was already established.
Collection and assay of fractions. About 65 five-
drop fractions were collected directly on paper
strips, processed, and counted by the procedure of
Carrier and Setlow (5); or about 32 ten-drop frac-
tions were collected in test tubes, part of the sample
was placed on paper for measurement of radioactiv-
ity, and part was used for biological assay. For the
biological assay, fractions were diluted by a factor of
eight to avoid the inhibiting effect of CsCl on trans-
formation. Samples of 0.05 ml of the diluted frac-
tions were mixed with 1 ml of competent wild-type
cells and incubated with shaking for 30 min. Appro-
priate dilutions of the mixture were then plated and
incubated for 1.5 to 2 hr, at which time the plates
were overlaid with agar containing either 5 Ag of
cathomycin per ml, 500 jg of streptomycin per ml,
or both.
RESULTS
Effect of digitonin on the structure of
cells and on DNA synthesis. Treatment of
competent cells with digitonin (Fig. 1) results
in a progressive degradation of the cell wall,
leading to the formation of spheroplasts. These
spheroplasts lyse, due either to fragility or to
further action of digitonin on the cell mem-
brane. Although lysis removes much of the
cytoplasmic elements, such as ribosomes, the
DNA fibrils appear to remain trapped within
the cell fragment.
Table 1 shows that there is almost no DNA
synthesis in digitonin-treated cells in SSC,
even after only 10 min of treatment, whereas
cells in SSC alone synthesize some DNA for
about 20 min and then stop, presumably as a
result of depletion of intracellular pools of pre-
cursors.
Distribution of label from donor DNA and
resident DNA in digitonin lysates. The dis-
tributions of resident and donor DNA labels in
digitonin supernatant fractions and pellets of
strains Rd (wild type), KB6, rec - (DB117),
and rec2- cells are shown in Table 2. The digi-
tonin lysis followed various times of incubation
of the cells containing donor DNA. Between 92
and 97% of the resident DNA activity in all
the strains is in the pellet. In the wild type,
only about 35% of the donor label is in the
pellet at 0 min, but the amount increases with
time to about 70%, while there is a corre-
sponding decrease in the counts in the super-
natant fraction. The kinetics of appearance of
label in the digitonin pellet are similar to
those reported by Notani and Goodgal (17) for
association of heavy donor DNA with light res-
ident DNA, as determined by equilibrium cen-
trifugation of DNA extracted from cells during
transformation. Therefore, we conclude that
the digitonin pellets contain complexes of
donor and resident DNA, whereas the digi-
tonin supernatant fractions contain mainly
unintegrated donor DNA.
In contrast to the wild type, in strains KB6
and rec2- there is no increase in the 32P-label
from the donor DNA in the pellet with incuba:
tion time, and the 32P-label in the supernatant
fraction is also constant. In strain rec -, there
is an increase in donor 32P counts in the pellet,
but less than in the wild type in absolute
counts as well as per cent. In all the strains,
the total number of donor and recipient counts
is approximately a constant as a function of
incubation time, except that in rec,- cells
there is about a 10 to 15% decrease.
Transforming activity of digitonin ly-
sates. Table 3 shows the transforming activity
of the two fractions obtained after digitonin
treatment. With increasing incubation time
between DNA uptake and digitonin lysis in
wild-type cells, transformation by the donor
DNA streptomycin marker (str) decreases in
the supernatant fraction and increases in the
pellet, while there is little or no change in the
resident DNA cathomycin marker (nov). There
is also an increase in the number of double
(str, nov) transformants from the pellet, but
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FIG. 1. Thin-section electron micrographs illustrating the effect of digitonin on competent H. influenzae
cells. (A) Untreated competent cells are characterized by a close association of the intact cell wall and mem-
brane, ribosomes are clearly seen within the cytoplasm, and DNA fibrils can be distinguished within lightly
stained nuclear areas. (B) One hour after treatment with digitonin a marked effect on the cell wall can be
observed. Some cells have completely lost their cell wall, whereas others have wall fragments clinging to the
cell membrane. (C) Three hours after digitonin treatment there is evidence of extensive lysis. The cyto-
plasmic material (ribosomes) appears diluted, and although the nuclear areas are dispersed the DNA fibrils
can be seen within the cell.
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the number of such double transformants from
the supernatant fraction remains negligible.
These data provide additional evidence that
the digitonin treatment separates the donor
DNA into an unassociated portion (in the su-
pernatant fraction) and an associated portion
(in the pellet) containing molecules that bear
genetic information from both donor and re-
cipient and can give rise to double transform-
ants. In contrast to the transformation by digi-
TABLE 1. Effect of digitonin on DNA synthesis in H.
influenzae strain Rd ( [3H]thymidine counts
incorporated into trichloroacetic acid-
insoluble material)
Digitonin-treated
Time of exposure culture (net Control (without
(min) counts/min digitonin)
incorporated)
0 0 0
10 12 610
20 13 1,160
40 14 1,510
88 33 1,130
tonin lysates of wild-type cells, donor marker
activity in strain rec,- decreases with incuba-
tion time in both supernatant fraction and
pellet. In spite of the association of donor and
recipient radioactive label seen in the pellets
of strain rec cells (Table 2), there is no evi-
dence of formation of genetically recombinant
molecules effective in transformation, as
judged by the lack of str,nov double trans-
formants from rec ,- pellets.
Specific biological activities of donor DNA
in supernatant fractions and pellets are given
in Table 4. In the wild type, the specific ac-
tivity of the supernatant fraction decreases
slightly with time of incubation and increases
slightly in the pellet. In strain rec,- (DB117)
and rec,-, there is little change in the superna-
tant fractions, but there is a substantial de-
crease in the pellet in strain rec ,- and a small
decrease in strain rec2-. It is noteworthy that
the specific activity of strain rec2- supernatant
fractions and pellets is much higher than that
of either wild type or strain rec l-.
Sedimentation velocity of digitonin super-
natants. The unassociated DNA in wild type
TABLE 2. Donor DNA ("P-labeled Rd DNA) and resident DNA (3H-labeled from strains Rd, rec -, rec,-
and KB6 competent cells) in supernatant fraction and pellet of digitonin lysates as percentages of total 32P
or 'H counts
Interval between DNA Rd rec - rec2 - KB6
uptake and digitonin
lysis (min) Donor Resident Donor Resident Donor Resident Donor Resident
Supernatant fractions
0 65 7 84 5 84 7 88 6
10 39 8 78 4 82 5 84 3
30 28 8 57 3 85 4 87 3
Pellets
0 35 93 16 95 16 93 12 94
10 61 92 22 96 18 95 16 97
30 72 92 43 97 15 96 13 97
TABLE 3. Transforming activity of supernatant fractions and pellets of digitonin lysates of strains Rd, rec -
and rec,L exposed to Rd DNA, as number of transformations per milliliter resulting from a mixture of 2 ml
of Rd cells and 0.02 ml of supernatant fraction or pelleta
Interval between Rd rec, rec 2-
DNA uptake and
digitonin lysis(m)in nov str nov,strb nov str nov,str' nov str nov,str'
Supernatant fractions
0 4.0 x 10' 6.1 x 10' 2.5 3.4 x 10' 7.8 x 103 1 2.5 x 10' 2.3 x 10' 2.5
10 3.4 x 10' 2.8 x 10' 6 5.2 x 10' 6.0 x 103 0 1.8 x 10' 1.9 x 10' 3
30 2.4 x 10' 1.7 x 103 9 5.3 x 10' 3.6 x 10' 0 1.9 x 10' 2.4 x 10' 1
Pellets
0 1.4 x 10' 2.2 x 10' 310 1.2 x 106 4.9 x 102 0 8.2 x 10' 2.4 x 10' 5
10 1.1 x 10' 3.4 x 10' 615 0.5 x 10' 4.0 x 102 1 6.8 x 10' 2.9 x 10' 5
30 1.2 x 107 4.5 x 10' 1015 0.7 x 106 2.4 x 10' 0 6.6 x 10' 1.8 x 103 0
aThe cells were cathomycin-resistant (nov), and the Rd donor DNA carried the streptomycin resistance (str) marker.
'Each count was based on two plates containing either 0.2 or 0.5 ml of the transformation mixture, except with Rd pel-
lets, which were based on 0.1- and 0.2-ml platings.
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TABLE 4. Specific biological activity of donor DNA
in supernatant fractions and pellets of digitonin
lysates of strains Rd, rec1- and rec2, compe-
tent cells exposed to 32P-labeled, strDNA
from Rd (ratio of transformations to 32P counts)
Interval between DNA
uptake and digitonin Rd rec,- rec2-
lysis (min)
Supernatant fractions
0 2.3 2.6 5.3
10 2.0 2.7 4.2
30 1.7 2.4 5.2
Pellets
0 1.5 0.9 3.0
10 1.5 0.6 2.9
30 1.8 0.2 2.2
consists of at least two species: species I,
which is similar to the input DNA in its sedi-
mentation and biological properties, and spe-
cies II, with a lower molecular weight and rela-
tively low transforming activity (16). It was
earlier suggested on the basis of kinetic data
that species II molecules arise as a conse-
quence of donor-recipient association (16).
Thus we would expect association-defective
strains to be unable to generate species II mol-
ecules. Figure 2 shows that this is indeed the
case. The sedimentation profiles of digitonin
supernatant fractions of wild type and of mu-
tant KB6 are clearly different. In the wild
type, but not in strain KB6, there is a large
decrease in length of the DNA relative to the
length of the original transforming DNA. The
mutant KB6 is similar to strain rec2- in that
very little donor label is found associated with
recipient DNA (Table 2). Thus the relatively
higher specific activity of strain rec2- superna-
tant fractions (Table 4) is presumed to result
from the absence of species II molecules. On
the other hand, similar experiments suggest
that species II molecules are present in strain
rec - lysates (not shown), although possibly
not to the same extent as in wild type, which
explains at least in part the lower specific bio-
logical activity of digitonin supernatant frac-
tions from these cells (Table 4).
Equilibrium sedimentation of trans-
forming DNA and DNA from digitonin ly-
sates. Figure 3 shows the isopycnic equilib-
rium sedimentation pattern of heavy (32P-la-
beled) DNA as compared with light (3H-la-
beled) DNA. It is seen that the peak of the
heavy DNA is separated from that of the light
DNA by seven fractions. The density differ-
ence is about 0.03 g/cm3.
Supernatant fractions and pellets from digi-
tonin lysates of transforming cells can be di-
rectly banded in CsCl. In the present experi-
ments, DNA was extracted before banding.
The distribution of radioactivity and trans-
forming activity of wild-type supernatant frac-
tions and pellets after CsCl equilibrium sedi-
mentation is shown in Fig. 4 and 5. The donor
label (32P) in the supernatant fractions (Fig. 4)
is not associated with the light resident DNA
containing the 3H-label. On the other hand,
most of the 32P-label in the pellets (Fig. 5) is
distributed with the resident DNA. The donor
transforming activity (str) of the supernatant
and pellet fractions from wild-type cells in
general corresponds to the distribution of
donor radioactivity. str Transformants and the
double transformants (str, nov recombinants)
from the pellet are highest in the position
where the donor and recipient label are asso-
ciated. However, the donor transforming ac-
tivity and radioactive label of the pellets are
slightly displaced toward heavy density.
In strain rec - cells, the supernatant fraction
and pellet distribution of radioactive labels
c
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FIG. 2. Sedimentation in 5 to 20% sucrose gra-
dients of 32P-labeled transforming DNA from strain
Rd (A) and of the same DNA irreversibly bound but
unintegrated at 30 min during transformation of
wild type (B) and transformation-defective strain
KB6 (C). 3H-Labeled transforming DNA was added
as a reference. Sedimentation was from right to left.
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FIG. 3. Equilibrium sedimentation profiles of
'H-labeled light and 32P-labeled heavy transforming
DNA. The densities were calculated from the refrac-
tive indices (RI). Five drops per fraction were col-
lected.
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FIG. 4. Distribution of radioactivity and trans-
forming activity of DNA species from supernatant
fractions of digitonin lysates of 3H-labeled, nov,
wild-type cells exposed to heavy, 32P-labeled, str,
transforming DNA centrifuged in CsCI gradients.
Ten drops per fraction were collected. Sr: str; Cr:
nov.
(Fig. 6 and 7) is similar to that of the wild
type, as is the transforming activity from su-
pernatant fractions. However, while there is
some association of donor and recipient label
in the pellets, there is not a corresponding as-
sociation of donor and recipient transforming
markers.
There is some slight indication of a dena-
tured form of DNA present in wild-type and
strain rec - supernatant fractions, since the
maximum of biological activity is sometimes
in a slightly faster sedimenting fraction than is
the maximum of donor radioactivity (Fig. 4,
10-min supernatant fraction; Fig. 6, 0- and 30-
min supernatants). However, it is clear that
most of the unintegrated DNA is native.
In strain rec2- cells, there is neither associa-
tion of radioactive label nor association of ge-
netic-marker label in the pellet material (Fig.
8), even though these pellets contain around
20% of the donor label. The distribution of ra-
dioactivity and transforming activity in strain
rec2- supernatant fractions is similar to those
of wild type and strain rec 1-.
Figure 9 shows a comparison of the distribu-
tion of radioactive label from strain rec, - pel-
lets centrifuged in CsCl before and after de-
naturation. The presence of donor label asso-
ciated with resident label in denatured pellet
DNA as well as in native pellet DNA indicates
that there is covalent bonding between resi-
dent and donor DNA.
DISCUSSION
The distribution of donor and resident DNA
label in the supernatant fraction and pellet of
digitonin lysates suggests that the resident
DNA, either because of its large size or be-
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FIG. 5. Distribution of radioactivity and trans-
forming activity of DNA species from pellets of digi-
tonin lysates of 3H-labeled, nov, wild-type cells ex-
posed to heavy, 32P-labeled, str, transforming DNA,
centrifuged in CsCI gradients. Ten drops per frac-
tion were collected. Sr: str; Cr: nov.
1177
NOTANI ET AL.
4800-
160-] 400
8E02001
1600 \d000
0- 2400 2
O -oo--Om * o -0-o/ 0
15 20 25 15 20 25 30
FRACTION NO.
FIG. 6. Distribution of radioactivity and trans-
forming activity of DNA species from supernatant
fractions of digitonin lysates of 3H-labeled, nov,
rec,- cells exposed to 32P-labeled, str, transforming
DNA, centrifuged in CsCI gradients. Ten drops per
fraction were collected. Sr: str; Cr: nov.
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FIG. 7. Distribution of radioactivity and trans-
forming activity of DNA species from pellets of digi-
tonin lysates of 3H-labeled, nov, rec,- cells exposed
to heavy, 32P-labeled, str, transforming DNA, centri-
fuged in CsCI gradients. Ten drops per fraction were
collected. Sr: str; Cr: nov.
cause of membrane association, remains
trapped inside a cellular structure and thus
precipitates on low-speed centrifugation. Elec-
tron micrographs of digitonin-treated compe-
tent cells also indicate that much of the resi-
dent DNA remains contained, even though
ribosomal material has moved out. These ob-
servations suggest that the separation of the
smaller, unintegrated but deoxyribonuclease-
resistant donor DNA from resident DNA is
possible because of small "holes" made in the
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FIG. 8. Distribution of radioactivity of DNA spe-
cies from supernatant fractions and pellets of digi-
tonin lysates of 3H-labeled, nov, rec2- cells exposed
to heavy, 32P-labeled, str, transforming DNA, centri-
fuged in CsCI gradients. Five drops per fraction were
collected.
cell envelope by digitonin. We have also shown
that digitonin almost instantly blocks DNA
synthesis, possibly because the integrity of the
cell membrane may be necessary for this
process.
While the separation of donor label is explic-
able in terms of associated and unassociated
donor DNA, the presence of about 10% of re-
cipient DNA label in the supernatant fraction
is puzzling. One explanation is that a fraction
of the cells are fully lysed by digitonin. How-
ever, the specific biological activity of resident
DNA in the supernatant fraction is about three
times lower than that of resident DNA in the
pellet. Furthermore, the lack of genetic recom-
binant DNA in the supernatant fraction argues
against complete lysis of some cells. It is pos-
sible that H. influenzae contains some epi-
somal DNA, which would be expected to be
released by digitonin treatment.
Strains KB6, rec -, and rec2- are trans-
formed with very low efficiencies, although ir-
reversible uptake of donor DNA by competent
cultures of these strains is as high as in wild-
type cells (1). Therefore, the transformation
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FIG. 9. Distribution of radioactivity of DNA spe-
cies from pellets of digitonin lysates of 3H-labeled
rec - cells exposed to heavy, 32P-labeled trans-
forming DNA, centrifuged in CsCI before and after
denaturation. Five drops per fraction were collected.
defect in these strains must be due to a block
in a step following uptake. Differences be-
tween wild-type and mutant strains in the
transfer of donor DNA atoms to resident DNA
have been noted from the observations with
digitonin lysates separated into supernatant
fractions and pellets. Strains KB6 and rec2-
do not transfer any significant number of
donor DNA atoms to resident DNA. Although
this point is merely suggested by the data from
digitonin lysates (Table 2), where there is some
association indicated between resident and
donor DNA in all strains, it is more clearly
established by CsCl centrifugation of DNA
from the pellets. In these gradients, the bulk of
the donor DNA bands apart from the light res-
ident DNA in strain rec2-. Thus there are ob-
vious discrepancies between the extent of asso-
ciation between donor and recipient DNA spe-
cies as measured by the digitonin method and
as measured by the CsCl method. It is clear
that by the digitonin method the extent of the
association is overestimated. The overestimate
could be due partly to residual supernatant
material in the pellet, to imperfect release of
donor DNA, or even to some real although
noncovalent association that does not survive
CsCl centrifugation.
The donor DNA in rec2- cells after uptake
remains unassociated but stays biologically
active. In fact, its specific biological activity is
higher than that of the corresponding DNA
from either wild-type or rec - cells. It is pre-
sumed that the species II molecules, which are
considered to be the by-products of transfor-
mation (16), are not generated in strain rec2-.
This result is similar to that found for strain
KB6. Thus a higher specific biological activity
of donor DNA is observed in strain rec2-, ap-
parently because there is little or no change in
the structure or biological activity of this
DNA.
It may be argued that strains KB6 and rec2-
have an impermeable membrane for trans-
forming DNA and that donor DNA after up-
take remains between the cell wall and the
membrane. This argument could be used for
strain KB6, but probably not for strain rec2-,
which, unlike strain KB6, is also defective in
promoting phage recombination (Setlow, Bol-
ing, Beattie and Kimball, J. Mol. Biol. in
press). Alternatively, KB6 and rec2 might be
defective in a protein that brings about the
initial interaction between donor and resident
DNA species. There is no evidence to support
this notion, and possibly there is no need to
postulate a protein for a function which may
be accomplished simply by diffusion. A third
possibility might be that these strains are defi-
cient in endonucleolytic nicking of the donor
DNA, which may be required for recognition to
occur by base-pairing between resident and
donor DNA species. There is also no direct
evidence for this possibility.
The pattern of transfer of donor DNA to res-
ident DNA in strain rec - is different from
that in wild type. Transfer is slower in strain
rec I-, but some transfer does occur. The distri-
bution of donor atoms that are covalently
linked to resident DNA has been shown to be
bimodal in wild type (17). One mode, which
was macromolecular and biologically active,
was considered to be due to integration and to
reflect genetic recombination. The second
mode, devoid of biological activity, was postu-
lated to be nonmacromolecular and was inter-
preted as arising from the degradation of one
strand of input DNA and its resynthesis into
resident DNA. If our observations on strain
rec ,- are to be interpreted in this way, it
would appear that all the incorporation of
donor label into resident DNA is nonmacromo-
lecular, since there is no input or recombinant
biological activity corresponding to these mol-
ecules. When molecules in the strain rec -
pellet are denatured and banded in CsCl,
donor atoms are still associated with resident
DNA, indicating that they are covalently
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linked, but they band about half a fraction
heavier than light molecules (Fig. 9). These
data could be interpreted as due to integration
of very small fragments of donor DNA rather
than due to complete degradation and resyn-
thesis. It should be pointed out that in normal
wild-type transformation resident DNA frag-
ments are released into the medium and are
quantitatively equivalent to the amount of
donor DNA integrated (20). Thus if there is
extensive degradation and resynthesis of part
of the donor DNA in wild type, it is necessary
to explain why the resident DNA that is dis-
placed by donor DNA appears in degraded
form in the medium, rather than undergoing a
similar process of degradation and synthesis
within the cell. If degradation products of
donor and resident DNA were chemically sim-
ilar and not spatially separated, both should be
included in resynthesis.
A third explanation for the absence of bio-
logical activity of donor DNA associated with
resident DNA in strain rec - is that these cells
accumulate some kind of branched molecules
that are intermediates in the integration
process. There is as yet no direct evidence for
this, but branched molecules have been impli-
cated as intermediates in T4 phage genetic
recombination (3). The lack of donor trans-
forming activity from these hypothetical hy-
brid molecules could result either from their
inability to enter the cell or from a bias in
transformation by such molecules in favor of
integration of the recipient DNA part of the
molecule rather than the donor DNA part.
Resident DNA fragments are not released as
a result of exposure of strain rec - cells to
transforming DNA (14). This finding would
suggest that the displacement of resident DNA
is one of the last steps in integration, and thus
strain rec,- cells must be blocked either at this
step or at some preceding step that follows
association of donor and recipient DNA. We
have demonstrated some covalent linkage be-
tween donor and resident DNA atoms in strain
rec1-. WVhatever may be the nature of donor
DNA atom transfer in strain rec -, it is certain
that there is no concomitant transfer of genetic
information, except at a level too small (10-6)
to detect physically.
ACKNOWLEDGMENTS
This investigation was sponsored by the U.S. Atomic
Energy Commission under contract with the Union Carbide
Corporation. N. K. Notani was supported by a U.S. Na-
tional Science Senior Foreign Scientist Fellowship and is on
leave of absence from Bhabha Atomic Research Centre,
Bombay.
LITERATURE CITED
1. Beattie, K. L., and J. K. Setlow. 1971. Transformation-
defective strains of Haemophilus influenzae. Nature
N. Biol. 231:177-179.
2. Bodmer, W. F., and A. T. Ganesan. 1964. Biochemical
and genetic studies of integration and recombination
in Bacillus subtilis transformation. Genetics 50:717-
738.
3. Broker, T. R., and I. R. Lehman. 1971. Branched DNA
molecules: intermediates in T4 recombination. J.
Mol. Biol. 60:131-149.
4. Brunk, C. F., and V. Leick. 1969. Rapid equilibrium iso-
pycnic CsCl gradients. Biochim. Biophys. Acta 179:
136-144.
5. Carrier, W. L., and R. B. Setlow. 1971. Paper strip
method for assaying gradient fractions containing ra-
dioactive macromolecules. Anal. Biochem. 43:427-
432.
6. Fox, M. S., and M. K. Allen. 1964. On the mechanism
of deoxyribonucleate integration in pneumococcal
transformation. Proc. Nat. Acad. Sci. U.S.A. 52:412-
419.
7. Goodgal, S. H., and E. H. Postel. 1967. On the mecha-
nism of integration following transformation with
single-stranded DNA of Hemophilus influenzae. J.
Mol. Biol. 28:261-273.
8. Kellenberger, E., A. Ryter, and J. Sechaud. 1958. Elec-
tron microscope study of DNA-containing plasma. II.
Vegetative and mature phage DNA as compared with
normal bacterial nucleoids in different physiological
states. J. Biophys. Biochem. Cytol. 4:671-678.
9. Lacks, S. 1962. Molecular fate of DNA in genetic trans-
formation of pneumococcus. J. Mol. Biol. 5:119-131.
10. Lacks, S., B. Greenberg, and K. Carlson. 1967. Fate of
donor DNA in pneumococcal transformation. J. Mol.
Biol. 29:327-347.
11. Luft, J. H. 1961. Improvements in epoxy resin embed-
ding methods. J. Biophys. Biochem. Cytol. 9:409-414.
12. Marmur, J. 1961. A procedure for the isolation of deoxy-
ribonucleic acid from micro-organisms. J. Mol. Biol.
3:208-218.
13. Modak, S. P., and J. K. Setlow. 1969. Synthesis of deox-
yribonucleic acid after ultraviolet irradiation of sensi-
tive and resistant Haemophilus influenzae. J. Bac-
teriol. 98:1195-1198.
14. Muhammed, A., and J. K. Setlow. 1970. Ultraviolet-
induced decrease in integration of Haemophilus influ-
enzae transforming deoxyribonucleic acid in sensitive
and resistant cells. J. Bacteriol. 101:444-448.
15. Notani, N. K. 1970. Properties of input and resident
DNA's during Hemophilus transformation, p. 67-73.
In Symposium on macromolecules in storage and
transfer of biological information. Department of
Atomic Energy, Government of India.
16. Notani, N. K. 1971. Genetic and physical properties of
unintegrated donor DNA molecules during Hemo-
philus transformation. J. Mol. Biol. 59:223-226.
17. Notani, N. K., and S. H. Goodgal. 1966. On the nature
of recombinants formed during transformation in
Hemophilus influenzae. J. Gen. Physiol. 49(part 2):
197-209.
18. Piechowska, M., and M. S. Fox. 1971. Fate of trans-
forming deoxyribonucleate in Bacillus subtilis. J. Bac-
teriol. 108:680-689.
19. Setlow, J. K., D. C. Brown, M. E. Boling, A. Mattingly,
and M. P. Gordon. 1968. Repair of deoxyribonucleic
acid in Haemophilus influenzae. I. X-ray sensitivity of
ultraviolet-sensitive mutants and their behavior as
hosts to ultraviolet-irradiated bacteriophage and trans-
forming deoxyribonucleic acid. J. Bacteriol. 95:546-
558.
20. Steinhart, W. L., and R. M. Herriott. 1968. Fate of re-
cipient deoxyribonucleic acid during transformation
in Haemophilus influenzae. J. Bacteriol. 96:1718-
1724.
1180 J. BACTERIOL.
